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Abstract 
This study aims to evaluate the performance of ozone treatment for removing N-nitrosamines 
from reverse osmosis (RO) concentrate in water recycling applications. In the absence of any 
N-nitrosamine precursors, the destruction efficiency of N-nitrosamines was dependent on their 
molecular weight or the length of the alkyl chain in their molecular structure. Experiments 
conducted with RO concentrate showed that ozonation could lead to the formation of N-
nitrosodimethylamine (NDMA) and N-nitrosodiethylamine (NDEA), resulting in an increase 
in concentrations of these N-nitrosamines. Nevertheless, ozonation was effective for 
destruction of N-nitrosamines with molecular weight greater than that of NDEA (102 g/mol).  
Keywords: Ozone; N-nitrosamines; N-nitrosodimethylamine (NDMA); Reverse osmosis 
concentrate; Trace organic chemicals; Water reuse. 
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Introduction 
The occurrence of trace organic chemicals (TrOCs) in wastewater and reclaimed effluent has 
attracted significant attention in recent years due to their potential adverse impacts to public 
health and the environment. A diverse range of TrOCs can be identified in treated effluent 
generally at part per trillion (ng/L) to billion levels (µg/L). In a typical water recycling intended 
for potable water reuse, these TrOCs are removed through a series of wastewater treatment 
processes which include reverse osmosis (RO) filtration treatment. In such indirect potable water 
reuse scheme, the RO filtration process is used to remove salinity and to ensure the removal 
TrOCs (Shannon et al. 2008, Bellona et al. 2004). Water recovery of the RO filtration process 
deployed for water recycling applications can be up to 85% (Fujioka et al. 2012). Thus, TrOCs 
can accumulate in the final RO concentrate (or brine) by up to eight times in comparison to the 
feed (Benner et al. 2008). The accumulation of TrOCs in the RO concentrate presents a major 
challenge for implementation of inland water recycling schemes because RO concentrate 
disposal can be subject to environmental regulation. 
A group of TrOCs that have become a significant concern in water recycling applications is N-
nitrosamines due to their potential carcinogenic properties (USEPA 1993). N-
nitrosodimethylamine (NDMA) is probably the most studied N-nitrosamine compound in water 
reuse applications, due to its frequent occurrence in RO feed water. These N-nitrosamines are 
known to occur as by-products during the disinfection of secondary treated effluent. In a RO-
based water recycling application, chloramines are added to the secondary treated effluent prior 
to the RO process to protect the membrane from biofouling. Chloramines can react with nitrogen 
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bearing compounds to form NDMA and possibly other N-nitrosamines (Mitch et al. 2003). Some 
N-nitrosamines can also be formed during industrial activities such as rubber production. Thus, 
NDMA has been frequently detected at 20-200 ng/L in RO feed of waters (Plumlee et al. 2008, 
Farré et al. 2011a, Fujioka et al. 2013b). In addition to NDMA, several other N-nitrosamines 
including N-nitrosomethylethylamine (NMEA), N-nitrosopyrrolidine (NPYR), N-
nitrosodiethylamine (NDEA), N-nitrosopiperidine (NPIP), N-nitrosomorpholine (NMOR), N-
nitrosodipropylamine (NDPA), and N-nitrosodi-n-butylamine (NDBA) have also been reported 
in wastewater and secondary treated effluent (Krauss et al. 2010, Reyes-Contreras et al. 2012). In 
particular, NMOR has been detected at high concentrations (> 1 µg/L) in several cases in 
secondary treated effluent (Krasner et al. 2009, Fujioka et al. 2013a). NDMA is partially rejected 
by RO membranes. Rejections of other N-nitrosamines by RO membranes can be significantly 
considerably higher. Fujioka (Fujioka et al. 2013b) conducted a full-scale study and reported that 
N-nitrosamine concentrations in the final RO concentrate could up to six times higher than those 
in the RO feed.  
Further development of inland water recycling schemes necessitates the development of suitable 
technologies for the treatment of RO concentrate. Among several advanced water treatment 
technologies for RO concentrate treatment reviewed by Pérez-González (2012), ozonation has 
been identified as promising approach for the removal of TrOCs (Reungoat et al. 2010, Lee et al. 
2012). Both ozone and the hydroxyl radical, which forms during ozone decomposition in 
aqueous solution, are strong oxidants. Previous research has demonstrated that ozonation can 
effectively oxidise a wide range of TrOCs, particularly those contain olefin, amine or aromatic 
functional groups in their molecular structure (Snyder et al. 2006, Lee et al. 2007). However, 
4 
 
little is known about the effectiveness of ozonation for the removal of N-nitrosamines. Pisarenko 
et al. (2012) reported 12% removal of NDMA by ozonation in a river water at 10 mg/L ozone 
dosage. NDMA has previously been shown to be oxidised by hydroxyl radical (Landsman et al. 
2007) and is converted into methylamine via several pathways (Lee et al. 2007). Ozonation can 
also lead to the formation of NDMA, as a result of oxidation of NDMA precursors, including 
dimethylamine (DMA), that are abundant in wastewater (Andrzejewski and Nawrocki 2009, 
Andrzejewski et al. 2008). In addition to DMA, several other NDMA precursors such as N,N-
dimethylsulfamide and some pharmaceuticals have been reported to form NDMA during 
ozonation (Farré et al. 2011b, Schmidt and Brauch 2008, Bond et al. 2011). It is also noteworthy 
that the fate of the other N-nitrosamines during ozonation has been scarcely investigated. To the 
best of our knowledge, no studies have previously reported the ozonation of RO concentrates to 
examine possible N-nitrosamine formation and/or destruction. 
The aim of this study was to provide an understanding of the effect of ozone oxidation on N-
nitrosamines in RO concentrate. Ozonation of eight N-nitrosamines was first conducted in an 
aqueous matrix that does not contain any other organic matter to evaluate the effectiveness of 
ozonation on N-nitrosamine destruction. RO concentrate collected from a full-scale RO plant 
was then used to examine the impact of N-nitrosamine precursors during ozonation.  
Materials and methods 
Chemicals 
Analytical grade N-nitrosamines (Table 1) were purchased from Sigma-Aldrich (Castle Hill, 
NSW, Australia). A stock solution containing 10 mg/L of each N-nitrosamine was prepared in 
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pure methanol. Deuterated N-nitrosamines (N-nitrosodimethylamine-D6, N-
nitrosomethylethylamine-D3, N-nitrosopyrrolidine-D8, N-nitrosodiethylamine-D10, N-
nitrosopiperidine-D10, N-nitrosomorpholine-D8, N-nitrosodipropylamine-D14 and N-nitrosodi-
n-butylamine-D9) were obtained from CDN isotopes (Pointe-Claire, Quebec, Canada). A stock 
solution containing 100 µg/L of each deuterated N-nitrosamine was also prepared in pure 
methanol. All stock solutions were kept at -18 ºC in the dark and used within one month of 
preparation. Analytical grade NaCl, CaCl2 and NaHCO3 were from Ajax Finechem (Taren Point, 
NSW, Australia).  
A synthetic solution containing 250 ng/L of each N-nitrosamine, 20 mM NaCl, 1 mM NaHCO3 
and 1 mM CaCl2 was prepared from Milli-Q water to evaluate the effectiveness of ozonation on 
N-nitrosamine destruction without any interference from other organic substances. Similar 
synthetic feed solutions have been applied by other researchers (Ang et al. 2011, Jermann et al. 
2009). In addition, RO concentrate was collected from a water recycling plant in Australia. The 
treatment processes used in this plant consisted of conventional wastewater treatment, sand 
filtration, microfiltration, and RO filtration. The RO filtration system was operated at 85% water 
recovery and RO concentrate was collected from the third (final) stage. Because some N-
nitrosamines were not identified in the raw RO concentrate, N-nitrosamines were dosed at 250 
ng/L of each N-nitrosamine. N-nitrosamines were introduced to the test solution in a methanol 
matrix, nevertheless, the presence of methanol did not significantly interfere with their 
destruction by ozonation. A preliminary ozone treatment experiment in the synthetic solution 
with an ozone dosage of 45 mg/L exhibited less 15% methanol removal (measured as total 
organic carbon concentration). Our results are also consistent with a previous study by Alborzfar 
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et al. (2000) who reported that the presence of methanol only had a negligible impact on the 
removal of 3,4-dichlorobut-1-ene from an aqueous solution by ozonation and that reaction rate 
constant between ozone and methanol was insignificant. 
[Table 1] 
Ozonation system and experimental protocols 
The ozonation system used in this investigation (Figure 1) comprised an ozone generator 
(CD10/AD, ClearWater Tech, USA), a gas flow meter, a glass ozone reactor and a gas phase 
ozone concentration analyser (ME820, Ebara Jitsugyo, Japan). The ozone generator can produce 
up to 1.3 g of ozone per hour. Instrumental grade air was used for the ozone generation. The gas 
phase ozone concentration monitor is an ultraviolet (UV) meter which is often used for the 
measurement of ozone concentration in gas phase (Rakness et al. 1996). 
At the beginning of each experiment, the by-pass valve shown in Figure 1 was opened and the 
amount of generated ozone was first determined using the ozone analyser. The generated ozone 
concentration (Cin [g/Nm
3]) was set at 20 g/Nm3 by adjusting the power volume of the ozone 
generator. Normal reference conditions (one atmospheric pressure and 0 ºC) were used for ozone 
measurement (Rakness et al. 1996). The gas flow rate (G [Nm3/min]) was set at a constant value 
so that the amount of ozone generated, as expressed by Cin × G, was maintained constant. Then 
ozonation experiments were initiated by closing the bypass valve and transferring the ozone gas 
into the ozone reactor. The volume of sample in the ozone reactor (V [L]) was 2 L. During the 
experiments, the off-gas ozone concentration at ozonation time t [min] (Cout (t) [g/Nm
3]) was 
monitored using the ozone concentration analyser. Ozone dose was continued until the target 
7 
 
ozone dosage (i.e. 15, 30 or 45 mg/L) was achieved. Overall ozone dosage into a solution (DO3 
(t) [mg/L]) can be calculated as follows: 
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Following the completion of the ozone dose, the ozonated solution samples were maintained in 
the reactor for at least 20 minutes to complete ozone reactions with dissolved ozone. Thereafter, 
duplicate samples (200 mL) were collected in amber glass bottles.  
[Figure 1] 
Analytical technique 
The concentrations of N-nitrosamines were determined using an analytical method previously 
reported by McDonald et al. (2012). The method includes solid phase extraction (SPE), followed 
by gas chromatography and analysis by tandem mass spectrometry with electron impact 
ionization. The N-nitrosamine surrogate stock solution was added to each sample bottle to obtain 
50 ng of each isotope labelled N-nitrosamine. SPE was then carried out using SupelcleanTM 
Coconut Charcoal SPE cartridges (Supelco, St Louis, MO, USA). The concentrations of N-
nitrosamines were quantified using an Agilent 7890A gas chromatograph coupled with an 
Agilent 7000B triple quadrupole mass spectrometer. The quantitative detection limits determined 
with this analytical technique are 3 ng/L for NDMA, NDEA, NPIP and NMOR and 5 ng/L for 
NMEA, NPYR, NDPA and NDBA. 
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Conductivity and pH were measured using an Orion 4-Star Plus pH/conductivity meter (Thermo 
Scientific, USA). UV254 and UV400 absorbance were analysed using a UV-1700 
spectrophotometer (Shimadzu, Japan). Total organic carbon (TOC) concentrations were 
determined using a TOC-VCSH analyser (Shimadzu, Japan). Cations were analysed using an 
Inductive Coupled Plasma-Mass Spectrometer (7500CS, Agilent Technologies, Wilmington, DE, 
USA). Anions were analysed by an ion chromatography system (Shimadzu, Tokyo, Japan). 
Results and discussion 
Synthetic solution  
The eight N-nitrosamines investigated here observed to be transformed by ozonation to some 
extent. Ozone dosages used in this investigation were 15, 30 and 45 mg/L which corresponded to 
the ozone contact time of approximately 7.5, 17 and 27 min, respectively. In general, higher 
molecular weight N-nitrosamines were more effectively removed by ozonation (Figure 2). For 
example, NDBA which has the highest molecular weight among the N-nitrosamines was 
removed by as much as 79%. Increasing ozone dosage resulted in a linear reduction in the 
concentration of most N-nitrosamines (Figure 3). In contrast, low molecular weight aliphatic N-
nitrosamines (i.e. NDMA, NMEA and NDEA) had a very low removal efficiency (<23%). In 
particular, NMDA which has the lowest molecular weight among N-nitrosamines revealed less 
than 10% removal with the maximum ozone dosage applied (i.e. 45 mg/L). At the highest ozone 
dosage of 45 mg/L used in this study, the transformation of NMOR was 36%. Further 
investigation revealed that N-nitrosamine removal by ozonation was proportional (R2 = 0.92) to 
the number of aliphatic carbon atoms in their chemical structure (Figure 4). A similar correlation 
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has also been reported by Landsman et al. (2007) who studied the destruction of  N-nitrosamines 
using hydroxyl radicals (·OH) formed from a combination of ultraviolet radiation and hydrogen 
peroxide. Because hydroxyl radicals can be formed by ozone decomposition in an aqueous 
solution at pH 7-8 (Elovitz et al. 2000) and hydroxyl radicals can transform N-nitrosamines, the 
transformation of N-nitrosamines by ozonation in the synthetic solution may be caused by 
reactions with hydroxyl radicals. Hydroxyl radical reacts with N-nitrosamines and form 
methylene carbon-centred radical as shown in equation 2 (Landsman et al. 2007). These radicals 
decompose to variety of smaller compounds such as methylamine, dimethylamine, nitromethane 
and ammonium via several pathways (Lv et al. 2013). Landsman et al. (2007) suggested that 
these carbon-centred radicals are also subjective to a repair reaction as represented in equation 3. 
The repair reactions in larger N-nitrosamines can be slower than those in smaller N-nitrosamines 
due to steric and resonance stabilization, which leads to a higher transformation efficiency in the 
larger N-nitrosamines (Landsman et al. 2007). 
[2] ·OH + R1R2N-NO  →  H2O + ·R1R2N-NO 
[3] ·R1R2N-NO + ·H  →  R1R2N-NO  
To confirm that the other N-nitrosamines were not formed as a result of N-nitrosamine 
transformation, the formation of N-nitrosamines during ozonation was investigated at an ozone 
dosage of 30 mg/L. A synthetic solution that contained a single N-nitrosamine (i.e. NMOR or 
NDBA) was used. No formation of the other N-nitrosamines was identified during the ozonation 
of NMOR or NDBA (data not shown). The results reported here indicate that an oxidation of N-
nitrosamines by ozonation transforms N-nitrosamines without forming the other N-nitrosamines 
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as by-products or intermediates. Although it is beyond the scope of this study, the analysis of 
transformed N-nitrosamine intermediates will be useful to further understand the chemical 
transformation mechanism and ultimate fate of these molecules.  
[Figure 2] 
[Figure 3] 
[Figure 4] 
[Table 2] 
RO concentrate  
Characteristics of the RO concentrate 
The analytical results (Table 2) revealed that organic and inorganic contents of the RO 
concentrate were about six to eight times higher than the RO feed. Similar values in RO 
concentrate can be found in a recent literature review by Pérez-González et al., (2012). Most N-
nitrosamines were identified in the RO concentrate with the exceptions of NMEA, NPYR, and 
NPIP (Table 2). The absence of these three N-nitrosamines in the RO concentrate does not allow 
evaluating the effects of ozonation on a full set of N-nitrosamines. Thus, additional N-
nitrosamines were introduced the RO concentrate to obtain approximately 250 ng/L of each N-
nitrosamine concentration for further experiments. 
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Bulk organic matter removal by ozone treatment   
Ozone treatment could reduce colour (measured as UV400 absorbance), UV254 absorbance, and 
TOC concentration in the RO concentrate (Figure 5). Ozonation with a 15 mg/L ozone dosage 
resulted in as much as 60% reduction in UV400 absorbance (Figure 5a) which indicates that 
decolouring the RO concentrate can be achieved with a relatively small ozone dosage. The 
maximum ozone dosage used in this study (i.e. 45 mg/L) led to an 82% reduction in UV400 
absorbance. Ozonation was less effective to the reduction of UV254 absorbance. UV254 
absorbance was proportionally reduced with increasing ozone dosage (Figure 5b). As a result, 
ozone dosage of 45 mg/L resulted in 60% reduction in UV254 absorbance. On the other hand, 
only a slight decrease in TOC concentration (< 10%) was observed (Figure 5c). The results 
reported here indicate that organics in the RO concentrate can be degraded with ozonation, but 
complete mineralisation of organics may not occur. 
[Figure 5] 
N-nitrosamine removal by ozonation 
The ozone contact times to achieve the ozone dosage of 15, 30 and 45 mg/L in the RO 
concentrate were approximately 6, 12, 19 min, respectively. High molecular weight N-
nitrosamines (i.e. NPIP, NMOR, NDPA and NDBA) in the RO concentrate were effectively 
transformed by ozonation (Figure 6). On the other hand, concentrations of low molecular weight 
N-nitrosamines (i.e. NDMA, NMEA, NPYR and NDEA) increased with an ozone dosage of 15-
30 mg/L (Figure 6). In particular, NDEA revealed a considerable increase in concentration. The 
increased concentrations of these low molecular weight N-nitrosamines indicate that the 
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formation of N-nitrosamines can occur as a result of ozone-induced oxidative processes in the 
RO concentrate. As described earlier, the formation of NDMA and NDEA observed here are 
unlikely to be from other N-nitrosamines or their intermediates. The concentrations of low 
molecular weight N-nitrosamines (i.e. NDMA, NMEA, NPYR and NDEA) decreased after 
reaching their maximum concentration with an ozone dosage of 15-30 mg/L (Figure 7). It is 
possible that when a lower ozone dosage (i.e. 15 – 30 mg/L) was applied, the formation of these 
low molecular weight N-nitrosamines (i.e. NDMA, NMEA, NPYR and NDEA) may have 
exceeded their transformations, resulting in an increase in their concentration. After a majority of 
N-nitrosamine precursors were transformed into N-nitrosamines by ozone oxidation, the 
transformation of these N-nitrosamines may have then exceeded their formation, leading to the 
reduction in their concentrations at a 45 mg/L ozone dosage. However, there are two exceptions. 
The concentrations of NDMA and NDEA at the maximum ozone dosage (i.e. 45 mg/L) were 14 
and 38% higher than their initial concentrations, respectively.  
The concentrations of high molecular weight N-nitrosamines (i.e. NPIP, NMOR, NDPA and 
NDBA) decreased during ozonation (Figure 7). This is consistent with our earlier observation 
that these high molecular weight N-nitrosamines are more degradable by ozonation as 
demonstrated earlier in this study and their transformation rate are faster than their formation 
rates. The reactions between ozone, hydrogen radical, and organic substances in the RO 
concentrate are inherently complex and thus the formation and transformation of N-nitrosamines 
cannot be readily separated. For example, natural organic matters and bicarbonate ions in natural 
water are known to be hydroxyl radical scavengers, and their concentrations considerably affect 
the NDMA oxidation rate (Lee et al. 2007). Nevertheless, the results reported here suggest that 
13 
 
the balance between N-nitrosamines formation and transformation by ozonation can be an 
important factor determining N-nitrosamine concentrations after ozonation. 
[Figure 6] 
[Figure 7] 
Conclusions 
Ozonation in the synthetic solution revealed a reduction in concentration of eight N-nitrosamines 
selected in this study. The transformation of N-nitrosamines at the ozone dosage of 45 mg/L 
ranged from 7 to 79%. The degree of N-nitrosamine removal by ozonation was strongly 
correlated with the number of aliphatic carbon atoms of N-nitrosamines. Ozonation of RO 
concentrates could reduce the concentration of high molecular weight N-nitrosamines (i.e. NPIP, 
NMOR, NDPA and NDBA). However, the concentration of low molecular weight N-
nitrosamines (i.e. NDMA, NMEA, NPYR and NDEA) increased with 15-30 mg/L ozone dosage 
and then decreased with further ozone dosage. Results reported here suggest that the balance 
between N-nitrosamine formation and transformation by ozonation is likely to be an important 
factor determining N-nitrosamine concentrations in ozone treated RO concentrates. 
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Table 1. Selected N-nitrosamines and their molecular mass. 374 
Compound Structure Empirical 
formula 
Molecular 
mass 
(g/mol) 
NDMA C2H6N2O  74.05  
NMEA C3H8N2O 88.06 
NPYR C4H8N2O 100.06 
NDEA C4H10N2O 102.08 
NPIP C5H10N2O 114.08 
NMOR C4H8N2O2 116.06 
NDPA C6H14N2O 130.11 
NDBA C8H18N2O 158.14 
  375 
N
N
O
N
N
O
N
N
O
N
N
O
N
N
O
N
N
O
O
N
N
O
N
N
O
18 
 
Table 2. General water quality and ambient N-nitrosamine concentrations in the RO feed and 376 
RO concentrate samples. 377 
Parameter RO feed RO concentrate 
Conductivity [mS/cm] 1.0 5.5 
pH [-] 7.0 7.8 
TOC [mg/L] 21 117 
Na+ [mg/L] 118 875 
Mg2+ [mg/L] 12 94 
K+ [mg/L] 20 149 
Ca2+ [mg/L] 33 253 
Cl- [mg/L] 132 1,150 
NO3
- [mg/L] 37 298 
SO4
2- [mg/L] 30 273 
NDMA [ng/L] 6.7 26 
NMEA [ng/L] n.q. n.q. 
NPYR [ng/L] n.q. n.q. 
NDEA [ng/L] 7.4 17 
NPIP [ng/L] n.q. n.q. 
NMOR [ng/L] 177 1013 
NDPA [ng/L] n.q. 5.4 
NDBA [ng/L] n.q. 8.0 
       n.q., not quantifiable. 378 
19 
 
LIST OF FIGURES 379 
Figure 1. Schematic diagram of ozonation apparatus. 380 
Figure 2. Effects of ozonation on N-nitrosamine concentration in the synthetic solution (20 381 
mM NaCl, 1 mM NaHCO3, 1 mM CaCl2, pH 8.0 ± 0.1, solution temperature 28 °C). Values 382 
reported here is the average of duplicate results. Ozone dosages (15, 30 and 45 mg/L) 383 
corresponded to the ozone contact time of approximately 7.5, 17, and 27 min, respectively. 384 
Figure 3. Effects of ozone dosage on N-nitrosamine concentration in the synthetic solution. 385 
Experimental conditions are described in Figure 2. 386 
Figure 4. Effects of ozonation on N-nitrosamine concentration in the synthetic solution as a 387 
function of the number of aliphatic carbon atoms of N-nitrosamines (ozone dosage = 45 388 
mg/L). Experimental conditions are described in Figure 2. 389 
Figure 5. Effects of ozonation on the removal of (a) relative colour (UV400 absorbance), (b) 390 
UV254 absorbance, and (c) TOC in the RO concentrate (pH 7.8 ± 0.1, solution temperature 391 
28 °C).  392 
Figure 6. Effects of ozonation on N-nitrosamines in the RO concentrate (pH 7.8 ± 0.1, 393 
solution temperature 28 °C). Ozone dosages (15, 30 and 45 mg/L) corresponded to the ozone 394 
contact time of approximately 6, 12, and 19 min, respectively. 395 
Figure 7. Effects of ozone dosage on N-nitrosamines in the RO concentrate (pH 7.8 ± 0.1, 396 
solution temperature 28 °C).  397 
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